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The use of polymeric blends can increase the range of structures and properties of selective
laser sintering (SLS) parts. This study investigates the processing of a binary polar system
using polyamide 6 (PA6) and polyamide 12 (PA12) by SLS. The mixture composition and
processing conditions, and their inﬂuence on the dynamic mechanical properties of the
specimens manufactured were evaluated. The maximum tan d values suggest that PA6 and
PA12 have similar visco-dissipative behavior. The PA6/PA12 blends behavior varied
according to the relaxation phenomena of the pure components, proportionally to the
blend composition. The creep test showed that blends with a higher amount of PA6 had
greater plastic deformation and less elastic recovery. In the fatigue test the 20/80 and 50/
50 blends presented good fatigue resistance under the test conditions.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Selective Laser Sintering is a Rapid Prototype process
that creates 3D objects by the sintering of powdered
materials using infrared laser beams [1–3]. The structure
and properties of parts to be manufactured by selective
laser sintering (SLS) should be considered according to
their application. The use of polymers in the SLS process
can offer some advantages over other materials. However,
the variety of commercial polymeric materials available for
the SLS process is restricted and this reduces the options
available during the selection of material for the
manufacturing of parts [1–5]. The use of non-commercially
available polymers and mixtures of polymers can increase
the range of properties of the SLS parts [6–14].
Other works have shown that immiscible semi-
crystalline and amorphous blends such as PA12/HDPE and
PS/PMMA offer an alternative means to obtain SLS parts
with speciﬁc multiphase structures and properties [12–15].
The level of control over the microstructure of SLS parts isx: þ55 48 37217615.
oria).
lsevier OA license.dependent on the process parameters, particularly the
powder properties and composition, since these can
inﬂuence other parameters. For example, particle shape
and size distribution inﬂuence the powder packing density,
while the melt ﬂow behavior and the thermal stability
deﬁne the laser power and scan speed [10,11].
Previous studies have shown that immiscible polar
blend systems of polyamide 6 (PA6) and polyamide 12
(PA12) processed by SLS offer an alternative means to
obtain parts with speciﬁc multiphase structures [13]. This
work investigated the mechanical properties of PA6 and
PA12 blend specimens manufactured by SLS using a CO2
laser. The inﬂuence of powder material, mixture composi-
tion and microstructure on the dynamic-mechanical
properties of the manufactured specimens is discussed.
2. Experimental
2.1. Materials
The polymeric powders used in this study were
commercial polyamide 6 MAZMID B260 from Mazzafero
Tecnopolímeros S.A. and polyamide 12 from EOSINT [16]
with average particle sizes of 150 and 60 mm, respectively.
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Fig. 1. Stress versus strain curves for the sintered PA6/PA12 blend speci-
mens: (-) 100/0, (C) 80/20, (þ) 50/50, (+) 20/80, (:) 0/100.
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The specimens (dimension of 35  5  1.4 mm) of
undiluted polymers andmixtures of PA6 and PA12 powders
in the ratios of 80/20, 50/50 and 20/80 (w/w), respectively,
were processed by SLS using a 20W RF-excited CO2 laser
with a wavelength of 10.6 mm, laser beam diameter of
250 mm, scan speed of 44.5 mms1 and chamber temper-
ature of 115 C. The other processing parameters used are
listed in Table 1.
2.3. Mechanical analysis
Mechanical analysis was performed on a TA Instruments
analyzer, model DMA-Q800, in single cantilever mode.
Flexural stress-strain curves were obtained at a strain rate
of 2 mmmin1 and 30 C. The storage modulus (E0) and the
loss factor (tan d ¼ E0/E00) at a ﬁxed frequency of 1 Hz were
determined in the temperature range of - 50–125 C with
a heating rate of 3 C min1. Creep-recovery data were
obtained at 30 C by applying the equivalent of 50% of the
maximum strain amplitude of the previously obtained
stress–strain curves to each specimen for 10 min. The
recovery was then evaluated for 35 min. Fatigue experi-
ments were conducted at 30 C and 1 Hz by applying 50% of
the maximum strain amplitude determined in the stress
versus strain curves to each specimen.
2.4. Scanning electron microscopy (SEM)
The polymer blend specimens were observed under
a Phillips XL30 scanning electron microscope (SEM) in
order to investigate the fracture surface, particle aspects
and microstructure. The specimens were coated with gold
in a Bal-Tec Sputter Coater (SCD005).
3. Results and discussion
Fig. 1 shows the stress versus strain curves for the pure
components and the PA6/PA12 blends (80/20, 50/50 and
20/80) obtained by ﬂexural mechanical analysis. Table 2
shows the average values for the elastic modulus, ultimate
strength and elongation at break for PA6, PA12 and the
PA6/PA12 blends. The average values for the elasticmodulus
obtained for PA6 and PA12 were 166.6 MPa and 205.0 MPa,
and the average values for the ultimate strength were
62.4 MPa and 57.74 MPa, respectively. The sintered PA6
specimen had a lower value for the elasticmodulus than the
sintered PA12 specimen in the ﬂexural tests (Fig. 2).
The PA6/PA12 80/20 blend specimen showed average
values for the elastic modulus and ultimate strength ofTable 1
Processing parameters for the preparation of PA6/PA12 blends by SLS.
PA6/PA12
(%)
Laser power
(W)
Energy density
(J/mm2)
Powder bed
temperature (C)
100/0 2.34 0.210 120
80/20 2.52 0.226 120
50/50 2.70 0.242 120
20/80 2.97 0.266 120
0/100 3.33 0.299 140110.0 MPa and 24.4 MPa, respectively, these being lower
than the respective values for PA6. This behavior is prob-
ably due to the low chemical afﬁnity between the two polar
polymers, i.e., PA6 and PA12 particles. The PA6/PA12 50/50
blend specimen showed average values for the elastic
modulus and ultimate strength of 126.0 MPa and 12.9 MPa,
respectively. The low value for the ultimate strength
provides evidence of the low afﬁnity between the PA6 and
PA12 phases. The average values for the elastic modulus
and ultimate strength for the PA6/PA12 20/80 blend spec-
imen were 225.7 MPa and 30.4 MPa, respectively. The
higher elastic modulus and ultimate strength is due to the
greater PA12 content in the blend in comparison to the
other blends. The values calculated for the standard devi-
ation of the elastic modulus and ultimate strength results
for PA6 and the PA6/PA12 20/80 and 50/50 blend speci-
mens indicated the presence of defects (pores) due to the
particle packing process, inﬂuencing the mechanical
behavior of the material.
The micrographs of the fractured surfaces of the
PA6/PA12 blend specimens with compositions of 80/20,
50/50 and 20/80 (w/w) are shown in Fig. 3. The PA6/PA12
blend with 80/20 composition (Fig. 3A and B) presented
a co-continuous PA6 phase with PA12 particles adhered to
it. The presence of domain interfaces and empty spaces is
evident in the micrographs of the PA6/PA12 80/20 and
50/50 blends (Fig. 3A–D), which are due to the larger
particle size of PA6 and led to the elastic modulus and
ultimate strength values being lower than those for the
pure polymers and the PA6/PA12 20/80 blend. The PA6/
PA12 20/80 blend specimen showed more dense regions
(Fig. 3E and F), probably due to the packing and coalescence
of the PA12 particles. The melt ﬂow index (MFI) values for
PA6 and PA12 are similar at temperatures higher than
230 C (Table 3), which suggests similar ﬂow behaviour
during the formation of the blend microstructures.
Fig. 3 shows the storage modulus, E0, as a function of
temperature for PA6, PA12 and the PA6/PA12 blend speci-
mens. PA6 showed a slight decrease in E0 values up to 5 C,
Table 2
Mechanical properties of PA6/PA12 blends.
PA6/PA12
blends
Elastic
modulus (MPa)
Ultimate
strength (MPa)
Elongation at
break (%)
100/0 166.6  77.8 62.4  16.0 10.9  3.7
80/20 110.0  60.0 24.4  11.2 10.6  1.3
50/50 126.0  52.5 12.9  4.3 8.6  0.8
20/80 225.7  23.3 30.4  3.2 9.8  1.2
0/100 205.0  29.3 57.7  10.3 11.5  1.3
G.V. Salmoria et al. / Polymer Testing 31 (2012) 411–416 413followed by a sharper decrease up to 50 C. After 50 C, E0
presented a small decrease with an increase in tempera-
ture. The E0 value for PA6 (660MPa) was lower than that for
PA12 (1060 MPa) at 50 C. The E0 behavior for PA12 was
similar to that for PA6, with a decrease in the values up to
20 C followed by a sharper decrease up to 80 C and then
a less sharp decrease until the PA12 melting point (178 C).Fig. 2. Micrographs of the surface fracture for PA6/PA12 specimens: (a) and (b) 80
ﬁcations, respectively.The E0 values for the PA6/PA12 80/20 blend specimen
were lower than those for the others blends (470 MPa
at 50 C). The E0 value for the PA6/PA12 80/20 blend
specimen presented a small decrease with increasing
temperature up to 20 C. From 20 C, the E0 value decreased
rapidly with temperature up to 75 C (similarly to PA6). At
higher temperatures, the E0 value remained constant up to
the PA12melting temperature (178 C). The PA6/PA12 50/50
blend specimen showed intermediary E0 values in relation to
the other blends (770 MPa at 50 C). For this blend, the
equal inﬂuence of the pure components was evident. The
PA6/PA12 20/80 blend specimen had an initial E0 value of
around 900 MPa, which is higher than the values obtained
for theotherblends. TheE0modulus showedadecreaseup to
20 C, followed by a considerable decrease up to 80 C. After
80 C a less sharp decrease up to the PA12 melting temper-
ature (178 C) was observed. This blend showed similar
behavior to that of PA12, due to the PA12 content being 80%./20, (c) and (d) 50/50 and (e) and (f) 20/80 w/w at 120 and 240 magni-
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Fig. 3. E0 modulus of pure components (a) and blends PA6/PA12 (b) as a function of temperature.
Table 3
Melt ﬂow index for PA6 and PA12 at different temperatures.
Temperature (C) MFI (g/10 min)
PA6 230 23.2
260 38.3
278 45.8
PA12 200 2.38
230 17.9
260 41.8
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nents and the PA6/PA12 blend specimens, as a function of
temperature. PA6 had a glass transitionwhen tan d reached
the maximum point on the curve at around 25 C, i.e. the
a relaxation. This relaxation is caused by molecular motion
involving the main polymer chain segment, related to the
amorphous phase. Another relaxation can be observed for
PA6 at 170 C, which can be attributed to segmental motion
in the crystalline regions, below the melting point (ac’
relaxation). PA12 had a glass transition at around 48.8 C,-50 0 50 100 150 200 250
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Fig. 4. Loss tangent (Tan d) for pure components (a) andcorresponding to a relaxation in the amorphous phase.
Another relaxation for PA12 can be also observed at 145 C,
below the melting point, related to the crystalline regions
(ac’ relaxation) as shown in the PA6 analysis. Themaximum
tan d values for PA6 and PA12 were approximately 0.14 and
0.12, respectively. These values suggest that PA6 and PA12
have similar visco-dissipative behavior. The tan d values for
the PA6/PA12 blends varied according to the relaxation
behavior of the pure components, proportionally to the
blend composition. Fig. 4 (b) shows the tan d values for PA6/
PA12 80/20, which are greatly inﬂuenced by the PA6
content. The same behavior is observed for the PA6/PA12
20/80 blend for which the tan d behavior was similar to that
observed for PA12. The trend in the tan d values for the PA6/
PA12 50/50 blend showed behavior between those
observed for the pure components, without the presence of
the crystalline relaxation (ac’ relaxation).
The recovery test curves in Fig. 5 show the deformation
(related to the maximum strain in the stress–strain curves)
as a function of time obtained for each specimen in theTemperature °C
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Fig. 5. Creep test curves showing values for strain (%) versus time for the PA6, PA12 (a) and PA6/PA12 blends (b).
Fig. 6. Fatigue curves showing the values of stress versus cycle number for the PA6, PA12 (a) and PA6/PA12 blends (b).
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of 53% of the maximum strain amplitude it showed 27%
permanent plastic deformation and 26% of the initial
deformation was recovered through elastic behavior. PA12
underwent 18% permanent plastic deformation and
showed a signiﬁcant elastic recovery of 34% when it was
deformed to 52% of the maximum strain. The blend creep
curves demonstrated that the PA6/PA12 80/20 blend had
creep behavior similar to the undiluted PA6, i.e., consider-
able plastic deformation (30%). The PA6/PA12 20/80 blend
specimen showed considerable elastic recovery (38%) due
to the high quantity of PA12 in the blend composition.
The fatigue curves showing the stress variation as
a function of the number of cycles at 50% of the maximum
strain for the undiluted polymers and PA6/PA12 blends are
presented in Fig. 6. The fatigue curve for PA6 showed an
increase in the material stiffness, i.e. a hardening, with
a0.9MPa increase in stress after 7000 cycles tomaintain50%
deformation. PA12 presented a reduction in stiffness and
a stress reduction of 1.4MPaafter 7000 cycles. The PA6/PA12
80/20 and 50/50 blends showed lower stiffness than the
undiluted PA6, due to thepresence of PA12 in the specimens.
ThePA6/PA12blendwith80% (20/80) of PA12had the lowest
stiffness. The mechanical loading during the fatigue test is
mainly in the PA12 matrix phase, which leads to the creep
phenomenon in the blend, probably due to increased shearin the –CH2– group segments leading to rapid failure under
the test conditions (50% of maximum strain).
4. Conclusions
The co-continuous microstructure and phase immisci-
bility of the blends were identiﬁed by fracture analysis. The
mechanical testing of PA6/PA12 blends showed that their
tensile strength was signiﬁcantly lower than that of the
pure components, which is due to defects in the packing
process (especially in the case of the PA6 particles) and the
low afﬁnity between the polar polymers PA6 and PA12. The
pure polymers showed similar values for the melt ﬂow
index under the process conditions, which had an inﬂuence
on the microstructure formation of the sintered specimens.
In the DMA analysis, the behavior of the E0 modulus and
tan d values for the PA6/PA12 blends varied according to the
proportion of pure components in the blend composition.
The creep test ((%) strain versus time) showed that blends
with a higher amount of PA6 had greater plastic deforma-
tion and less elastic recovery. In the fatigue test, the 20/80
and 50/50 blends presented good fatigue strength under
the test conditions.
The manufacturing of blends using a selective laser
sintering process demonstrated that it is possible to
prepare PA6/PA12 blends with controlled structures and
G.V. Salmoria et al. / Polymer Testing 31 (2012) 411–416416properties by selecting the polymer powder characteristics,
such as particle size and melt ﬂow behavior, and adjusting
the process parameters according to the blend composi-
tion. The selective laser sintering of polymer blends
permits the preparation of functional components and the
development of new applications for rapid manufacturing
by SLS technology.Acknowledgements
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